We interpreted the mechanisms of energy harvesting and conversion for intrinsic upconverted mechano-persistent luminescence in CaZnOS through a native point defects study. We found that vacancy defects such as Zn and O vacancies, as well as Schottky pair defects, act as energy harvesting centers; they are very readily formed and very active. They are found to be extra deep electron or hole trap levels near the valence or conduction band edges, respectively. This leads to a coupling and exchange effect to continuously collect and transport host charges along a path via localized states to deep recombination levels. The initiating energy barrier is small and can be overcome by ambient thermal stimulation or quantum tunneling. Native activators such as V 
Introduction
Mechanoluminescence (ML) is related to an optical phenomenon where the charge carriers from the host lattice in a material are usually excited with higher energy piezoelectricity in the form of friction-related tribo-stimulation or external man-made stress/pressure. [1] [2] [3] [4] [5] [6] Such materials can accommodate external UV light (ultraviolet) photo-irradiation or near-infra-red (NIR) photo-stimulation with a wavelength of 980 nm. The resulting visible luminescence occurs by photon emission. The excited charge carriers will be released for further recombination through the delocalized conduction states of the host lattice by a small amount of thermal stimulation or quantum tunneling effects. With accurate modulation of external mechanical stimulation in terms of physical parameters, ML will provide a wide platform of applications in the fields of earthquake prediction, stability tests of large buildings or bridges, and hand-input oriented multi-touch technology in smartphones or other mobile devices, combined with electronics and magnetoopt-electronics. [7] [8] [9] Recent studies performed by Xu et al. 5 ,10 demonstrated a substantial leap in this field, showing that some ML materials, such as oxy-sulfides, can also be applied as persistent luminescence materials through transition metal doping and have flexible color manipulations. 11 This requires us not only to understand the electronic structures that originate from extrinsic doping, but also makes it highly necessary to plot the photonelectron dynamic transitions based on the subtle energy conversion mechanisms during the process of persistent luminescence. Currently, stronger intensity, longer time and lower cost with flexible wavelength in persistent luminescence are increasingly needed as the demands of electronic device integration, biochemistry and materials engineering rapidly expand. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Upconverted mechano-persistent luminescence (UMPL), which is based on the long-decay-time phosphorescence concept, 14, 15, 23, 24 is challenging to downscale to smaller nanosized particle synthesis with faster charge response, lower cost and longer time for luminescence or mechanical signal imaging. For a long time, the luminescence of lanthanide oxide materials has actually been an important subject in optical applications and spectroscopy studies. [25] [26] [27] [28] [29] The lanthanide rare-earth (RE) ions-assisted phosphor luminescence technique has aroused tremendous interest in biological, chemical and physical applications; this technique plays a leading role in modulating luminescence properties.
guidance regarding chemical trends during synthesis. 15 Moreover, the relationship between their native defect level-assisted electron transport and their upconverted persistent luminescence properties is also still far from being well understood, especially at the electronic level. This knowledge gap not only impedes the process of designing new generations of persistent luminescence based on UMPL, but also prevents the further development of existing technology. Further investigations to fill this gap are of great significance to the relevant science and technological applications. The interplay effect of different point defect levels is a significant issue. In a previous study, 33 we found that native point defects in the host materials not only produce a local lattice distortion or charge density anomalies, but also induce unique localized electronic levels in the optical fundamental band gaps, which are either occupied or empty. Therefore, the stabilities and concentrations of native point defects of the host materials in persistent phosphor studies are quite important. Our previous study shows that some lathandide oxides themselves present persistent luminescence, especially based on the unusual up-conversion character of their electron transport. 34 Accordingly, this persistent luminescence is attributed to the subtle interplay of different native point defect states, based on the findings of our previous investigations. 33, 35, 36 A driving force for extensive theoretical investigation relates to the current consensus summarized by experiments, which is that two dominant factors determine the performance of UMPL materials: activators and traps. The emission is controlled by the activator, and the width of the inter-levels determines the wavelength (photon energy). The trap center given by either native point defects or dopants is the factor that modulates the duration time and intensity of the persistent luminescence. Significantly, Maldiney et al. accomplished the modulation of the time-decay parameter of persistent luminescence 37 in their recent work, which indicated to us that it is possible to modify the performance of these materials through systematic modification of the depths of charge trap levels relative to the conduction band (CB) edge. Our new interest in the native point defects of luminescent solids is firmly supported by progress. The exact inter-levels of activators and traps within the electronic structures suggested by theoretical study will provide a reference for the selection of such structures with optimal performance. 33, 34, 38, 39 Therefore, it is necessary to open a preliminary discussion on the different native point defects in a potential UMPL to examine its energy conversion mechanism and to provide a useful reference for further experiments and various applications. 33, 34, 38, 39 In this work, we discuss luminescence models covering the range from the typical oxygen vacancy (V O ) related F-center to other potential energy conversions through different optical transitions. Due to strong electron-phonon coupling, widened optical transitions result from the Stokes shift between the absorption and emission spectra, 40 and the analytical mechanism is still not clear by current theoretical methods. Accordingly, another important issue to be addressed is the energy conversion-related defect reaction model for persistent luminescence, to find the nearly continuous energy source supporting long-time optical transition and lengthened electronic transport. Our previous study shows if defect-related transitions follow the closed cycle of the zero-phonon line (ZPL) between different optical transition states, the optical absorption and emission will be accomplished with a large efficiency in both optical quantum yield and energy conversion. 34 The lattice distortions between these reactions will support electron transfer between different optical transition levels with exact amounts of negative effective correlation energy (ÀU eff ), ideally, as shown in Fig. 1 . The native complementary charged point defects form a time-accumulated donor-acceptor pair (DAP) and produce band-like levels within the optical band gaps of the host materials. They pin the activator inter-levels at specific positions of the band gap in the form of a ÀU eff optical transition along this closed-ZPL-cycle. A similar concept has been successfully utilized in other solid functional materials in our theoretical modeling. 34, [41] [42] [43] The key difference between UMPL materials and conventional PL materials is that the electrons and holes can be separated and allocated at the deep localized levels in the optical band gap area, due to the extra deep trap levels near the valence band maximum (VBM) and the extra hole traps near the conduction band maximum (CBM), as shown in Fig. 1 . This leads to a coupling and exchange effect with bounded charge from the VB (for electrons) and CB (for holes), respectively, to further continuously transport the electrons and holes along the path contributed by localized defect states to the deep recombination levels with a small energy barrier which can be overcome by ambient thermal stimulation or a quantum tunneling effect. These deep recombination levels for both electrons and holes are given by native point defect states, which are the native activator sites for energy conversion of UMPL. However, conventional PL materials have limitations compared with UMPL, as they usually have fewer extra deep trap levels and usually rely on larger external energy excitations as the driving force to transport the trapped charge carriers, such as NIR (980 nm, B1.3 eV) or UV photo-irradiation (3 to 4 eV).
Phosphorescence has also recently been applied in visible light communication and data transmission (Li-Fi) technology, based on the perovskite system, in order to prolong the light emission time. 44 However, as commented by Chemical & Engineering News, the recovery times between excitation and emission are usually too long, within B10 À6 s. 45 This may arise from native point defect migration through the host lattice for charge transport and recombination, as the time magnitude is very similar.
Experimental section
(1) Stability of experimental synthesis
Although there have been many experiments reporting the synthesis of CaZnOS phosphor, it is very difficult to produce single-phase CaZnOS because stability and purity control based on the synthesis conditions are still challenging, especially for prevention of phase separation. This arises because CaZnOS experiences a series of reversible reactions to undergo partial decomposition, as follows:
In conventional solid-state experimental synthesis, ZnS and ZnO are found to decompose into vapor gases of S, O 2 and Zn over 1100 K. For the synthesis of CaZnOS, CaCO 3 is a popular precursor material for contributing the Ca and O elements. However, this material will further accelerate these decompositions, as found by Hsu et al. 46 Because of the reversible reactions described in eqn (1), the four binary compounds are relatively interacting and competing with each other. Meanwhile, the element S is more active than O 2 at 1200 K, and it will quickly partially transform CaO into CaS after the extraction of pure S through the decomposition of ZnS. Further, energy dispersive X-ray spectroscopy (EDX) shows that the widely used synthesis based on CaCO 3 and ZnS, after Sambrook et al., 47 will contain substantial Zn element. This reflects the existence of phase competitions due to the different trends of chemical potential. Therefore, it is also a necessary task to study the native point defects of CaZnOS as well as their influence on the electronic structures.
(2) Thermodynamic limits on chemical potentials of components
The formula in eqn (1) shows a difference in the competence of the formation enthalpies and chemical potentials of the elements and compounds. To determine the chemical potentials of elements in these quaternary compounds, we need to consider the experimental synthesis details. It is unusual that CaZnOS is a quaternary compound that mainly consists of two classes of binary compounds (ZnS, CaO) or (ZnO, CaS). Thus, it is necessary to start with the work of Sambrook et al. and that of others. 48 Following the approach of Ding et al., 49 we expand the chemical potentials for Ca, Zn, O and S as m Ca , m Zn , m O , and m S , respectively. To prevent solid/gas precipitation of these elements in the host lattice, they must be: m Ca r 0, m Zn r 0, m S r 0, and m O r 0. In a realistic equilibrium growth process, the chemical potentials of each constituent species can be varied; however, they are constrained by the formation enthalpy of the host lattice in order to maintain a stable CaZnOS compound. Thus, the first requirement is as follows:
m CaZnOS is actually also constrained, to prevent CaZnOS from undergoing reversible or partial decomposition into ZnO, ZnS, 
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CaO, and CaS. These four binary compounds, with further consideration of their decomposition and substitution reactions, are also bound by thermodynamic relationship formulas, as follows:
Eqn (2) and (3) also indicate that the differences in their standard formation enthalpies may lead to different stabilities under high temperature synthesis conditions. The aforementioned limitations of the chemical potentials can thus be utilized to discuss the stable area for CaZnOS with respect to the constituent chemical potentials of m Ca , m Zn , m O , and m S , respectively, as constraints (shown in Fig. 2 ). Fig. 2(a-c) Calculation setup. We modeled CaZnOS using the lattice within the P6 3 mc space group, which has the same symmetry as wurtzite ZnO. The lattice relaxation of CaZnOS at the ground state was accomplished at both the PBE and PBE+U levels by CASTEP code 50 because the PBE level, as the first Jacob's ladder in DFT, has been recognized to be reliable for structural relaxation and cell optimization of d or even f-orbital based solids, [51] [52] [53] irrespective of ultrasoft or norm-conserving pseudopotentials. However, the electronic structures are key dominant features that are usually underestimated. To improve the accuracy of the electronic structure calculations, the Hubbard U parameter was induced in the PBE+U calculations. We found that the electronic states in the optical fundamental gap are less sensitive to the nonlinearity of Hubbard U parameters. Therefore, we used the Anisimov-type rotationalinvariant DFT+U method. 54 To minimize the effect of the localized hole states produced by the 2p orbitals of the O sites, the self-consistently determined Hubbard U potentials were also applied to the O-2p orbitals, which have reached a consensus [55] [56] [57] [58] in many oxide materials. Thus, it is necessary to consider both self-energy corrections on semicore orbitals for oxides. 35, 36, 59 However, the non-self-consistently determined Hubbard U parameters usually induce an extra error in the lattice due to the non-zero residue of the second-order partial derivative to the charge density. It is necessary to consider our established self-consistent determination of the U parameters on the electronic structures 35, 36, 52, [58] [59] [60] in order to minimize the error in the lattice. We chose the (3s, 3p, 3d, 4s) states as the valence states of Ca, (3d, 4s, 4p) for Zn, (3s, 3p) for S, and (2s, 2p) for O. We used OPIUM code in the Kleinman-Bylander form of normconserving pseudopotential 61 with non-linear partial core correction 62 to minimize the systematic error due to overlap of the atomic core-valence electron densities. Further, the RRKJ method was chosen to optimize the basis sets and the ionic minimization of the pseudopotentials. 63 The norm-conserving pseudopotential was chosen because it can reproduce the all-electron behavior for outer shell valence electrons with |S-matrix| = 1 compared to ultrasoft pseudopotentials. 64, 65 As all of the constituent elements (Ca, Zn, S, and O) are light elements, the spin-orbit coupling effect was not implemented over the calculations. The kinetic cutoff energy was 850 eV, which expands the valence electron states in a plane-wave basis set. To prevent the charge-spin out-sync sloshing effect and guarantee the electronic minimization and convergence, the ensemble DFT (EDFT) method of Marzari et al. . The geometry optimization used the Broyden-Fletcher-GoldfarbShannon (BFGS) algorithm through all bulk and defect supercell calculations.
Another key setting is the pseudopotential for Ca. We generated the norm-conserving pseudopotential orbitals of 3s 2 for Ca using OPIUM code. The 3d 0 configuration was also considered in the generation. This does not change the valence distribution but will increase the accuracy of the valence electron interaction of Ca. In real DFT calculations, the 3d 0 and 4s 2 orbitals of Ca will have a certain overlap with an occupancy of 0.4 to 0.5 e through Mulliken analysis. This led us to consider an on-site Hubbard U energy reserved for this fractionally occupied empty 3d orbital for Ca. This consideration of 3d
is also verified in the electronic structure calculations and experiments for CaB 6 , which is a new semiconductor for spin electronics. [68] [69] [70] In that compound, the structure shows that the 3d orbital of Ca is hybridized with the 2p orbitals of the anions, affecting the band gap size of the Brillouin zone. 71 For the total plane wave basis set for Ca, we used 850 eV, which was suggested by Clark et al. for similar norm-conserving generations. 72 With our self-consistent determination process, [33] [34] [35] [36] 52, 53, 59 the on-site Hubbard U parameters are 2.50 eV and 13.45 eV for the 3d orbitals of Ca and Zn, respectively, 2.87 eV for 3p of S, and 3.44 eV for 2p of O.
To calculate the defect formation energies at different charge states (q), we consider that the overall supercell was established and remained constant, based on the ground state relaxed primitive cell, to avoid the thermodynamic effect of enthalpy changes by cell variations. The formation energy of a targeted defect (H q ) at the specific charge state q can be described as a relationship of the positions of Fermi energy (E F ) and the chemical potential Dm of species with defects a, which is shown as follows:
where E q and E H are the total energy of a relaxed defective lattice in the charge state q and an ideal host lattice at the ground state, respectively. DE F in eqn (4) is the change of the Fermi energy with respect to the valence band maximum (VBM, E V = 0), and n a is the number of atoms of constituent element a chosen as targeted defect sites; m 0 a is the referenced chemical potential, based on the method used in the work of Zunger et al.
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Results and discussion
Bulk CaZnOS
The crystal lattice of CaZnOS with a space group of P6 3 mc has been studied by many groups. It was initially obtained by Sambrook et al. through the synthesis of CaCO 3 (decomposed to CaO) and ZnS (reaction of Zn metal and S). 47 It is noncentrosymmetric, like wurtzite ZnO, and its topology seems to be formed by similar compositions of CaO and ZnS in the forms of two puckered hexagonal layers, respectively. It is reported that the structure has good applications in piezoelectric luminescence and excellent second harmonic generation (SHG) capabilities due to the polar properties that are intrinsically induced by its noncentrosymmetric lattice symmetry. 47, 74 We recall that wurtzite ZnO has the same symmetry space group as P6 3 mc. The 4-fold tetrahedral coordination of both the Zn and O sites in ZnO results in this noncentrosymmetric structure; consequently, ZnO possesses intrinsic piezoelectricity and pyroelectricity. This feature further induces a polar surface in ZnO; the most common polar surface is the basal plane, like ZnO (0001), which has been widely studied. 53, 75, 76 Therefore, we can have a preliminary understanding of the piezoelectric properties of CaZnOS, and its coefficient is found to be three times larger than that of wurtzite ZnO. 47 The crystal lattice parameters of synthesized CaZnOS were found to be a = 3.76 Å and c = 11.40 Å. 47 The relaxed structure of the ground state by our DFT+U calculation shows lattice parameters of a = 3.76 Å and c = 11.52 Å, with a very small error of 1%. Electronically, it has wide band gap semiconductor behavior, with a direct gap of 3.71 to 4.16 eV. From Fig. 3 , the electronic band structure calculations based on the optimized cell give a direct band gap of 3.895 eV, which is very close to the Therefore, our DFT+U calculation with ab initio-determined Hubbard-U parameters for fully-occupied Zn 3d 10 , as well as the p orbitals for the S and O sites, are self-consistent and reliable, as has also been illustrated in our previous work. 33 -36,52,53,59,78 Fig. 3 also shows the orbital components of CaZnOS in TDOS. We can see that the top of the valence band consists of levels from the O-2p and S-3p orbitals. The lower conduction band is contributed by the Zn-4s and Ca-3d orbitals. The Zn-3d fully occupied level (3d 10 ) is overlapping with the S-3s filled orbitals and remains in nearly the same energy range, while the O-2s orbital level remains lower. Currently, due to the lack of available valence band X-ray photoemission spectrum data (XPS) for CaZnOS by experiment, we can only compare the qualitative trend result with BaZnOS, which has a similar chemical trend to CaZnOS. As we know, the optical fundamental band gap between CaZnOS (3.71 eV) 47 In the last section of this paper, we will also compare the X-ray diffraction (XRD) data between our simulated defective structures and experimentally synthesized samples (from two different groups).
This will more clearly demonstrate the influence of the defects in the structure found by XRD.
For the bulk formation enthalpy of crystal CaZnOS, we have already shown that the calculated formation enthalpy of CaZnOS is À11.29 eV in the Experimental section, considering eqn (2) and (3).
S vacancy (V S )
The local structure of the S sites in the lattice is 6-fold coordinated, with 3 long S-Ca bonds with bond lengths of 3.036 Å and 3 short S-Zn bonds with lengths of 2.382 Å, 0.4% longer than the experimental data. 47 The V S in the neutral state left two electrons bounded at nearby cation sites, such as Ca, Zn, or both. We accordingly studied its three different charge states (0, +1, and +2). Fig. 4 (a) shows the TDOSs of CaZnOS with V S in the 0, +1, and +2 states. We can see that it is a deep donor-like trap center for V 0 S in CaZnOS. We found that the behaviors of the defect levels are very different from the V S in CaS based on our previous work. 33 The formation of V 
Interstitial S (S i )
As we know, there are many possible sites where excess S can act as an interstitial in the CaZnOS host lattice, as well as O interstitial defects, which we will discuss in the following section. This arises because the local structures are very different from the conventional ZnS or ZnO structures, as analyzed by Sambrook et al. 47 Considering the lattice character, we examined five possible S i sites in CaZnOS. These sites may act as acceptor traps to capture electrons and release holes. Fig. 6(a) shows the TDOSs of the five S i in CaZnOS in the neutral state (S 0 i ). We can see that they have almost identical TDOSs. Their localized electronic states are about 0.2 eV higher than the VBM and 0.4 eV below the CBM for the localized holes. Further formation energy calculation shows that S i3 has the lowest formation energy in the neutral state (S 0 i3 ). Fig. 6(b) illustrates the TDOSs of S i3 in charge states of 0, À1, and À2. In the neutral state, there are four localized electronic states, two of which overlap, with an interval of 0.21 eV from peak to peak. The highest localized electronic state remains at 0.68 eV higher than the VBM and 3.60 eV below the localized hole state, while the hole sits 0.26 eV below the CBM. For S À i3 , an excess electron remains 1.58 eV higher than the previous two localized electronic states, while the previous two electronic View Article Online localized electronic states with 0.03 eV and 0.24 eV as intervals, respectively. The lowest electronic level is 1.16 eV higher than the VBM. Fig. 6(c) shows the orbitals of localized defect levels induced by S i3 in CaZnOS. As we know, the anion interstitial defect in sulfides or oxides usually forms a local peroxide structure. We can see from Fig. 6 (c) that the S interstitial (S i ) induces evident lattice relaxation and reconstruction near the S i3 sites, with formation of a homopolar S-S bond. The p-p orbitals localize along this S-S bond, induced by the relaxed S i site at the ground state. S 0 i3 in CaZnOS has two localized electronic states, which are spatially distributed between two S sites connected by S-S bonds, respectively. The localized hole level arises from the p-p* antibonding orbital longitudinally along the S-S bond. S À i3 induces different local lattice distortions as strong electronlattice coupling. The electronic orbitals become polarized along the distorted lattice sites. The localized electronic and hole states within the mid-gap area have nearly the same orbitals, showing a strong coupling effect for these polarons. For S 2À i3 , it can be seen that the two captured electrons are localized at the S i3 site itself. The two excess electrons which have been captured and localized actually generate three different localized p-p orbital shows a negative-U eff behavior with À1.97 eV. The transition level of the state (2À/0) of S i3 is 1.89 eV above the VBM. This indicates a deep acceptor trap whose level is at the mid gap. We find that all of the S interstitial defects present similar strong electron-lattice coupling effects with negative-U eff within the range of À0.23 eV to À1.97 eV, as shown in Fig. 5(e Fig. 7(a) , in the neutral state of O i , the occupied defect levels remain closer to the VBM than in S i . Other localized levels sit 5.8 to 6.2 eV below the VBM. The localized hole levels remain deeper or shallower, from 0.2 eV to 1.0 eV, in contrast to the states produced in S i . By calculating the formation energies, O i4 is most likely to form because it has very low formation energy, where O i is surrounded by three Ca sites and one S site. This strong Ca-O bonding leads to an evident relaxation process which is nearly spontaneous and provides local stabilization. We consider the formation energy of O i , shown in Fig. 7 (d) and (e). We found that O i4 has formation energies of 0.02 eV and 4.74 eV under the S-rich and Zn-rich limits. The thermodynamic transition level of (2À/0) of O i4 is 2.29 eV above the VBM and acts as a deep acceptor trap center in the lattice. In Fig. 6(e) , we show that all of the possible O i sites in the lattice present negative-U eff effects. We found that the transition level of (2À/0) varies from 0.70 eV to 2.29 eV above the VBM, dependent on the positions of O i . This shows that O i4 is energetically favorable to localize and stabilize within the cage of (3Ca + S), where the strong Ca-O bonds will enhance the charge transfer to stabilize the system. It is also consistent that O has relatively small ionic radii compared to S. Thus, it costs less energy for O to penetrate the ideal lattice and stabilize near the Ca and S sites.
Calcium vacancy (V Ca )
We turn to cation-related defects. We firstly studied the Ca vacancy (V Ca ). The neutral V Ca in CaZnOS (V 0 Ca ) left two localized holes occupying nearby O-sites. This arises because the formation of a cation vacancy normally induces electron-hole separation while suppressing the occupied electronic states downward to lower energy levels, simultaneously resulting in localized hole states within the band gap.
The single particle levels in the form of TDOSs are shown in Fig. 8(a) , which confirms the deep localized hole trapping levels at about 1.68 eV above the VBM, which are both spin-down. These holes mainly occupy the p-orbitals of nearby O-sites. Due to the relaxation of O-sites near the V Ca , the strong coupling between p-electrons and the lattice will also affect the occupied p-orbital levels and the consequent redistribution of the orbital charge densities near the defect sites and relaxed lattices. There are six localized electronic states; two remain 5.4 eV and 5.6 eV below the VBM, while the other four states remain 0.06 eV, 0.11 eV, 0.28 eV, and 0.32 eV above the VBM, respectively. For the V À Ca in the lattice, one of the localized hole states was released by capturing an electron. The remaining holes are localized 1.57 eV above the VBM. Due to the local lattice relaxation, the p-orbital levels on the local under-coordinated S and O sites are re-aligned, as shown in Fig. 8(a) . We can see that one of the low-lying p-orbital levels is pushed to the highest occupied state, and the occupied levels above the VBM are updated as 0.07 eV, 0.08 eV, 0.28 eV, 0.32 eV, and 0.36 eV, respectively. Through further passivation of the hole, the V The localized electronic orbitals present subtle electron-lattice coupling at different energy levels. We found that some states about 3.2 eV below the VBM induced differences in the TDOSs; however, we did not observe any localized orbitals.
The formation energies of the V Ca in the lattice within different charge states are shown in Fig. 8(c) . The neutral state of V Ca (V 
Zinc vacancy (V Zn )
The Zn vacancy (V Zn ) in the lattice induces more complicated electron-hole separation and interactions. The local lattice We further examined the localized orbitals of the electronic and hole states given by V Zn as well as the relaxed lattice sites, as shown in Fig. 9(b) . We can see that the shallower localized hole state in CaZnOS with V 0 Zn is at the S site near V Zn , while the 3-fold coordinated O site has another hole state deep in the midgap. In CaZnOS with V À Zn , the remaining localized hole state is localized near the mid-gap, with 0.45 eV movement toward to the VBM due to the Coulomb attractive potentials from localized electronic states at the relaxed lattice sites neighboring V Zn .
The formation energy calculations of V Zn in CaZnOS also show differences compared to V Ca in the lattice. We can see from Fig. 9 (c) that U eff is positive (+0.61 eV). This arises because the local lattice sites have minor relaxation near V Zn within different charge states. The thermodynamic transition levels of the states (À/À0) and (2À/À) remain at 0.54 eV below and 0.07 eV above the VBM, respectively. This indicates that V Zn will cause the lattice to capture electrons and release free holes ranging from the top to deep inside the VB, which will continuously transport the free holes to the VB edge for excitation into or across the optical band gap.
Calcium interstitial (Ca i )
Excess Ca in CaZnOS acting as an interstitial defect (Ca i ) may be a donor-like source center to release excess electrons into the lattice. Neighboring anion sites such as O and S will be vastly affected, resulting in bonding hybridizations and lattice reconstructions. The local distorted sites will also influence the electronic and hole states in the band gap or edges that accommodate the charge carriers. We found that the Ca i in the lattice induced relaxation, leading to a large displacement of the adjacent Zn site. The distorted Zn site shows electronic orbital localization at the 0 and +1 states, as shown in Fig. 10(b) For the formation energy calculation in Fig. 10(c) , we see that the lowest formation energies of Ca i among different possible local sites are 8.72 eV and 5.37 eV under the S-rich and Zn-rich limits, respectively. We also found that this interstitial defect also presents a negative-U eff effect, with an energy of À1.68 eV. This arises because the incidence of Ca i and results in vast lattice relaxation toward to the ground states at the charge states of 0 and +2. Therefore, Ca i in CaZnOS only has two different possible charge states (0 and +2, respectively).
Zinc interstitial (Zn i )
The Zn interstitial (Zn i ) in the CaZnOS lattice has slightly different electronic properties. As shown in Fig. 11(a) , the TDOS calculation tells us that neutral Zn i (Zn Through further study of the localized orbitals, as shown in Fig. 11(b) , we found that the localized electronic state at the neutral state is localized at the Zn i site and spread vertically along the S-Zn-Ca bonds, which is mainly the sp orbital hybridization. We can also see that the two localized hole states remain along the Zn-Zn homopolar bond. For Zn + i , the localized electrons and holes remain at the Zn i site. There is no orbital sitting at Zn 2+ i , as there are no localized states within the band gap at this charge state in the host lattice.
Zn i has different formation energies when it is located in different lattice sites. As we found, the difference is as high as 1.77 eV. We can see from state (0/2+) is 4.00 eV above the VBM, which actually slightly overlaps with the CB edge or is buried in the CB. This indicates that Zn i is a possible donor-like center that readily releases free electrons. Due to the negative-U eff effect, the possible charge states of Zn i are 0 and +2 in the host lattice.
Anion Frenkel defects (a-Fr) and Schottky defects (STK)
Based on the aforementioned native point defects, we further examined the charge complementary pair defects, which are usually a class of lattice distortions induced by conditions of View Article Online external thermal fluctuation. The dominant types of these defects are Frenkel (Fr) defects (including cation and anion Fr defects) and Schottky (STK) defects. Among these types of defects, the anion Fr (a-Fr) and STK defects are the main pair defects that affect the electronic and optical properties of CaZnOS. This arises because the cation Fr (c-Fr) requires more formation energy to generate the interstitial cation, as discussed above. Meanwhile, the formation energies of the cation vacancies are not primarily low compared with those of the anion vacancies. This may result from the differences in the ionic radii of the elements. For further consideration, two different kinds of a-Fr will be considered; one is O-related, while the other is S-related. Meanwhile, for the STK defects, we specified five different kinds, which are V ZnO , V ZnS , V CaO , V CaS , and V CaZnOS , respectively.
We summarized the formation energies of these defects in neutral states under the S-rich and Zn-rich limits, as shown in Table 2 . We found that in the a-Fr pair defects, the O related a-Fr has lower formation energy (2.39 eV per O defect site) than the S a-Fr (3.32 eV per S defect site), and these remain constant under both chemical potential limits. The V ZnO has the lowest formation energy under the Zn-rich limit, which is 0.42 eV per defect site; this denotes the dominant type of defect under this chemical potential limit compared with the other pair defects. V CaZnOS also shows consistent formation energy, with 1.03 eV per defect site regardless of the different chemical potential limits, as it also contains the sub-component of V ZnO . Therefore, we direct our focus on the electronic properties of V ZnO in the following discussion.
As shown in Fig. 12(a) , we studied the TDOSs of five charge states of V ZnO in the CaZnOS lattice (0, +1, À1, +2, and À2). ZnO state, two pairs of hole states are localized within the band gap area, with an energy interval of 2.50 eV. We recall that the intrinsic persistent luminescence of CaZnOS has a broad peak centered at 500 nm (2.48 eV). Thus, V
2+
ZnO accounts for the activator site of the intrinsic persistent luminescence. Table 2 Summary of formation energies of anion Frenkel (a-Fr) and Schottky (STK) pair defects in the neutral charge state (q = 0) under both S-rich and Zn-rich chemical potential limits (unit: eV). Note that a-Fr V ZnO , V ZnS , V CaO , and V CaS are pair defects; their formation energies should be divided by two as occurrence per defect when used for discussion, while for STK (V CaZnOS ), the formation energy has been divided by four for alignment in our discussion In the formation energy calculation (Fig. 12(c) ), we found that V ZnO Fig. 13(a-c) ; it was found that a-Fr O is also a deep donor trap center. Fig. 13(c) shows that the transition state (2À/0) of a-Fr O occurs earlier than the (2À/2+) state, even they both have negative-U eff . We believe this arises because |U eff | is actually larger than the (2À/2+) state of a-Fr O . The stoichiometric vacancy (Schottky) defect, V CaZnOS , was studied, as shown in Fig. 14(a-c) . Fig. 14(a) indicates that V CaZnOS is an acceptor trap center that captures a pair of electrons and frees the paired hole. Fig. 14(c) presents the two negative-U eff behaviors for the (2À/0) and (0/2+) transitions of V CaZnOS .
Native defect-induced luminescence properties (1) Four different luminescence mechanisms. Experimentally, intrinsic persistent luminescence was originally reported for CaZnOS under 378 nm photo excitation in the UV wavelength range by Lian et al. 30 They found that the wide green emission wavelength is 500 nm (photon energy = 2.48 eV) at the host lattice absorption of 378 nm. As the extrinsic doping ratio of Eu
and Ce 3+ increases, this emission peak broadens but remains at 500 nm. Their observation provides a significant indication that this is an intrinsic character not related to the dopants. Thus, the native point defects in this material play a significant role in determining the luminescence properties, especially for phosphors. We summarized these native point defects in Tables 2  and 3 . Their thermodynamic transitions and single-particle levels have been summarized in Fig. 15(a) and (b) . We can see that the excitations and emissions along the zero-phonon-line (ZPL) from the state of (0/2+) in V O to (À/2À) in V Zn give a photo emission of 521 nm, and the transition from (À/+) in a-Fr O to (À/2À) in V Zn also shows an emission of 512 nm, with mean relative errors of 4% and 2%, respectively. Moreover, the localized electronic states mostly remain near the VBM, which affords extra deep electron trap levels as well as a possible exchange with the electrons from the host lattice remaining on the VBM, with thermal stimulation in a very small barrier of 0.1 to 0.2 eV. The experimentally observed broadened persistent luminescence peak is due to many possible native point defect levels, which participate in or assist the processes of optical excitation and emission. However, the essential point for persistent luminescence is the energy release at the activator/sensitizer site in the form of photon radiations, whose energies are originally transported from the storage sites of the excited energy. Actually, when native point defects are studied, this excited energy storage can be seen to arise from the trapping and transporting of excited electrons between different localized defect levels within the fundamental optical band gap. In previous work, we illustrated the energy conversion mechanism of intrinsic upconverted persistent luminescence in Er 2 O 3 . 34 Here, we use this model to illustrate the descent mechanism of the intrinsic phosphorescence of CaZnOS, with the assistance of the calculation results of the single-particle levels and thermodynamic transition levels (ionization energy). Here, we elucidate the intrinsic persistent luminescence mechanism of CaZnOS. From Table 3 and Fig. 15(a) , we find that the V O and V ZnO account for the lowest and the second lowest energy defects under the Zn-rich chemical potential limit, while O i is the lowest energy defect under the S-rich limit. According to the related single particle levels, we found that only V 2+ O , V 2+ ZnO , and V CaZnOS correspond to the native activators which enable the localized levels to accommodate the transported charge carriers. The resulting recombination of charge carriers between the localized levels will release corresponding photon energies that are close to the experimental data, which is 2.48 eV (500 nm). The transport of charge carriers is accomplished by the localized electrons and hole levels near the VBM and CBM, respectively.
There are four possible luminescence mechanisms with different energy conversion and electron transport paths, as shown in Fig. 15(c) : one is oxygen vacancy (V O ) related F-center fluorescence, and the other three involve upconverted phosphorescence with different activator sites and electron transport paths. As we know, in luminescent materials, V O is usually a color center (or F-center). 34, 39 In CaZnOS, V O can be formed with very low formation energy under the Zn-rich chemical limit. This F-center dominant fluorescence by V O with ÀU eff means that the emission is a two-electron process. The experimental reported UV photo-irradiation excitation wavelength of 378 nm (3.28 eV) provides high enough photon energies to activate the electrons that are trapped at the V O site to be excited into the CB or the state near the CB edge. The electrons will be de-excited back to the original ground states, with four possible emissions with energies of 2.03 eV (611 nm), 2.24 eV (554 nm), 2.31 eV (537 nm), and 2.46 eV (504 nm), which originate from three localized hole states and the CB edge, respectively. The experimentally reported intrinsic persistent luminescence from the host lattice is a wide green emission centered at 2.48 eV (500 nm). We can see that the photon emission from the CB edge to the localized electronic level has relatively high potential, as the external excitation energy is sufficiently high to pump electrons into the CB (3.28 eV). Thus, the emission spectrum we found is confirmed to have partial contributions of F-center excitations and emissions to the fluorescence at the V 0 O site, which is shown as a violet folded line in Fig. 15(c) . 
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However, the F-center dominated fluorescence by the electronic transitions at the V O site usually possesses a time duration of luminescence in the magnitude of 10 À9 s (Bns), which means the intrinsic persistent luminescence does not essentially rely on this energy conversion and charge carrier transport. Therefore, it is unlikely that the V O alone contributes to the intrinsic persistent luminescence. The thermodynamic transition level of the V O site also supports this, as shown in Fig. 15(b) , since the electronic transition along the zero-phononline between the CB edge and (0/2+) of V O does not match the required photon energy from the experimental emission spectrum. 48 Therefore, although the ladder-like fine levels given by the native point defect states provide storage levels for electronic upconversion transport, the energy still decays quickly by depletion of energy mismatch. Two other mechanisms we proposed are based on an energy conversion model related to different defect reactions within different charge states. 34 The electrons in the excitation and de-excitation are transported along the zero-phonon line (ZPL), where the released energy contributes the photon energies with the largest quantum yields. In Fig. 14(c) , the blue and pink folded lines denote the possible paths for electron excitation and de-excitation corresponding to the absorption and emission of the optical spectrum, in agreement with the experimental photon energy of 2.48 eV.
The formation energy calculations within different charge states are summarized in Table 3 . In the neutral state under the S-rich limit, O i is the lowest energy defect, with nearly zero formation energy, which denotes an almost spontaneous process. Meanwhile, under the Zn-rich limit, V 0 O has the lowest formation energy in the neutral state and V ZnO has the second lowest formation energy. From Fig. 15(a) and (c), we can also confirm that V 2+ O , V 2+ ZnO , and V
2+
CaZnOS can all function as activator sites; in luminescence, the key requirement is deep electron trap levels as a storage center, where electrons can be continuously transported to the excited states and release photons by recombination with the holes at the activator sites or energy transfer from a higher excitation state to the lower ground state levels. Especially for V 2+ O , the localized hole states will accommodate the excited electrons going through and transferring back to the ground state electronic levels near the VBM, which remain near each other. The energy released in the form of photon energy indeed has a relatively wide range, as shown in Fig. 15(c) , which agrees with the experimentally reported broad green emission peak. 48 These three upconverted phosphorescence processes arise because with the formation of native point defects, the fine electronic levels are localized near the VBM. The electrons from the VBM easily interact with the localized defect levels of O i and V Zn , as their electronic levels remain near the top of the VB. The electrons will be transported to the higher levels gradually through upconverted energy conversions, with an energy scale of thermal stimulation (0.1 to 0.2 eV) or quantum tunneling effects. The electrons will finally be excited to the delocalized states in the CB by 378 nm UV photo-irradiation and release photons (2.50 eV) in the emission transfer from the higher localized state to lower levels at the V 2+ ZnO site. Meanwhile, the electrons will continuously fill the occupied localized levels of V O through thermal stimulation or tunneling effects with ladderlike levels localized near the VBM contributed by the native point defects, such as O i and V Zn , within different charge states. These electrons are available as storage levels to supply enough charge carriers to be excited for long-lasting energy conversions during persistent luminescence.
From the single particle levels in Fig. 15(a) , we can see that the electrons can be easily excited by thermal perturbation from the VBM to the localized levels produced by the Zn-vacancy (V Zn ). We have already shown the native point defects in terms of the various charge states. We can see that the charge transition level of (0/2+) of V O is located at E V + 2.45 eV, where the VBM is E V = 0. We have found that in lattice presentations similar to the ZnO wurtzite lattice, Schottky pair defects have lower formation energies than Frenkel pair defects (both cation and anion types). We also found that the reported phosphor in ZnO may be provided by the energy transfer between V O and V Zn from (0/2+) to (2À/0), respectively, in a two-photon process. Similar observations have been made by Stehr et al. 82 The vacancies of Ca and Zn in the CaZnOS lattice are acceptor (hole trap) centers that capture electrons. We can see that the transition level (2À/À) of Zn is at E V + 0.07 eV, which means that it almost remains at the VBM. This will provide a large amount of freely conductive or delocalized holes at the VB as activators. Fig. 15(d) shows the mechanism for the energy conversion of the intrinsic upconverted mechano-persistent luminescence in CaZnOS. We see that various type of native point defects within different charge states contribute different roles to transport the bounded charges to the positions for recombination, as summarized in Table 4 . The e-levels shown in Table 4 and Fig. 15(d) act as extra deep donors localized near the VBM, while the h-levels are extra deep holes next to the CBM. The int-mid levels are native point defect levels acting as intermediates to combine the holes from the CBM and the electrons from the VBM to a deeper range in the band gap. The charges will then move uphill through a very small energy barrier, aided by thermostimulation or a quantum tunneling effect, to reach deeper levels within the band gap area. With further external excitations, such as mechano-stimuli, friction, piezoelectric fields, NIR, or UV light, the charges will further alternate with each other, as shown in Fig. 15(d) . The recombination of these opposite charges will release the energy as photons.
(2) Defect reaction-related energy conversion. Based on the single particle levels in Fig. 15(a) , we can understand the paths 
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of electronic excitations and photon emissions through energy conversion, as introduced in our previous work. 33 However, we believe it is still not very clear how the energy conversion and electrons are transported during the process of persistent luminescence, and how the energy is converted in the three different luminescence mechanisms. We proposed the ECCR (energy converted chain reaction) model in a previous study on intrinsic upconverted persistent luminescence in Er 2 O 3 . 34 This model bridges the relationship between single particle levels and thermodynamic transition levels, and it projects the essential electron transitions along the zero-phonon line, which matches the experimental emissions and upconverted conversions, through a series of defect reactions. Therefore, based on Fig. 15(c) , we here consider the related native point defect reactions within different charge states under external excitation. The persistent luminescence occurs in the energy transfer by the transport of charge carriers between the deep levels near the mid-gap, as demonstrated with the following defect reactions in the form of a two-electron process for each defect reaction along the zero-phonon line: (Table 3 and Fig. 15(b) ). The reaction of V O . This will release the as-discussed U eff1 and U eff2 from the above reactions.
Moreover, we know the U eff from these reactions are released/absorbed energy with effective correlation energy in form of the energy cost of electrons pairing at the same point defect sites. This is necessary to consider within the framework of chemical thermodynamics. Firstly, the system (the CaZnOS host lattice) contains different types of native point defects. We modeled these under ideal conditions where all of the defects are perfectly solved in the solvent where the host lattice is located and are freely dynamically mobile under thermal stimulation or external UV excitation. Accordingly, these native point defects mutually react with each other to convert the energy as well as transport the excited electrons.
The experimentally reported intrinsic phosphorescence of CaZnOS is centered at about 500 nm, with a broad peak from 480 nm to 520 nm. The related photon energies are in the range from 2.38 eV to 2.58 eV. We learned that this wide wavelength range of phosphorescence is attributed to electrons continuously recombining with holes at a level near the VB edge. Without applying any external stress, the (2À/À) of V Zn is at the VBM; when there is UV photo-irradiation or an external stress-induced piezoelectric field forms, local charge separation occurs. The defects will undergo a series of charge chemical reactions, with associated energy conversion. As we know, V Zn is the site that captures electrons with released holes as an acceptor trap according to the reaction V From the defect reactions shown in eqn (5), (6) and (8), the effective correlation energies for these two-electron related defect reactions are U eff1 = À6.00 eV, U eff2 = À4.76 eV, U eff3 = +1.22 eV, U eff4 = +9.54 eV, U eff5 = À4.98 eV, and U eff6 = À4.94 eV, respectively. This shows the coexistence of exothermal and endothermal reactions. The negative effective correlation energies show that the two electrons will overcome the repulsive Coulomb potential to correlate with each other as a pair to be doubly occupied at the defect site, such as V O . Then, the energies released or absorbed per electron from each defect reaction above are 3.00 eV, 2.38 eV, 0.61 eV, 4.77 eV, 2.49 eV, and 2.47 eV, respectively. The experimental reported intrinsic wide green luminescence has a peak centered at 500 nm (2.48 eV). If our predicted energies can be released in wavelength in terms of photons, the value with 521 nm (2.37 eV) has a mean relative error (MRE) of 4%. Considering that the acceptable error usually found in experimental measurements is 30% to 50%, 83 this prediction is confirmed from our energy conversion model with good consistency and in agreement with experimental observations. 48 Eqn (5), (6) and (8) actually show a defect reaction cycle. In ideal cases, the reactions with U eff1 and U eff2 will combine and are found to be exactly the same as the energy barrier given by the reaction with U eff3 and U eff4 . Therefore, the native point defects will repeatedly participate in the reaction cycle with specific quantum yield (reaction efficiency) in a practical scenario. The intrinsic persistent luminescence will continue until all of the energies released from eqn (5), (6) and (8) decay to zero. The defect reactions shown above in eqn (7) support the possible energy conversion of electrons transported from the VB to the higher excited states near the CB or in the CB. These electrons originally initiated from either the O i site, the V CaZnOS site, or the a-Fr(O) site, which are the source centers supplying electrons. On the other hand, they can very readily form in the host lattice due to the relatively low formation energy per defect site (shown in Table 3 ). As we can see from the O i site, O 0 i provides the localized electronic states near the VBM. As discussed in previous sections, these are actually fine levels which facilitate the migration of electrons from the VBM through thermal stimulations and quantum tunneling effects. Under external UV excitation (378 nm), the charges (including electrons and holes) are separately excited to states near the CB and VB, respectively, so as to ionize the native point defect sites. Consequently, V 2+ O , V 2+ ZnO , and V
2+
CaZnOS are activator sites that accommodate recombination of these charge carriers. Further supported by our single particle level calculations, we found that the electronic states of V ZnO near the VBM can also participate in this process by coupling with different defect levels to accomplish charge transformation through the native point defect site.
We can see that the transition level of V O is at E V + 2.45 eV and the V Zn transition level is at about E V + 0.07 eV, while E V = 0 for VBM. Therefore, it is continuously extracting electrons from the valence band or exchanging electrons/holes at the VBM. The recombination path is between the transition level of V O and the VBM. With external UV excitations of 378 nm, the electrons at the VBM are excited to higher occupied states localized near the CB or far away from the VBM, while the holes from the CB are also excited to the localized empty states near the VBM. Therefore, the process of charge separation and rearrangement is based on the native point defect levels in the host lattice. Therefore, for the activator site V 2+ ZnO , the lower localized hole state can accommodate the holes excited from the CB.
(3) Two kinds of energy conversion based on ECCR. Based on our previous ECCR model, there is a possibility that the reactions will be reversed with a quantum yield of electron transport through different defect reactions, Z. The remaining energy (1 À Z) will be released to further drive the chain reaction. By neglecting the Arrhenius equation effect of temperature, the Z is nearly unchanged for the host lattice within the process of intrinsic persistent luminescence, which is also a constant related to the synthesis conditions. Thus, the whole reaction for energy conversion is approximated with a more complicated kinetics model than first-order chemical reactions. We studied each cycle based on the time unit of seconds. Therefore, for a single chain reaction, the rate of reaction at the time t is shown as:
In most phosphor materials, if Z is a very small constant (0 o Z { 1), eqn (9) can be approximately simplified into the first order chemical reaction rate equation, as follows:
Ideally, the number of photons generated is in proportion to the concentration of a-Fr defects at each time moment. Then, regardless of the approximation of eqn (10) , the number of photons generated by CCR at the t-th cycle is shown exactly as:
If we simply assume the emission intensity is proportional to the number of photons, this allows I PL (t) p N photon (t). Thus, the persistent luminescence decay spectrum can be simulated as the given equation based on eqn (11):
I PL (t) = (Z) t I PL (0) and t 1/2 = À(ln 2 /ln Z) (12) (a) Independent energy conversion model. For the experimentally reported wide green emission peak, we can model this as three persistent luminescence mechanisms with three independent energy conversion models with a simple linear combination. Fig. 16(a) is an example for eqn (5) and (6), while eqn (8) can also follow the scheme shown in Fig. 15(a) . This means that if we consider eqn (8) as relatively independent of the chain reactions of eqn (1) and (2), the rate of reaction at a moment t is provided:
A(t) = A 1 (t) + A 2 (t) + A 3 (t) = (1 À Z 1 ) (13) where Z 1 , Z 2 , and Z 3 are the efficiencies of their independent chain reactions, respectively. Then, eqn (10) has a corresponding simplification, as follows:
A(t) is actually the total concentration of the V ZnO , V CaZnOS , and a-Fr O defects related to the time after the external photoexcitations; A 10 , A 20 , and A 30 are their initial concentrations, respectively. We can see that eqn (14) is the linear combination of three different first-order chemical reactions, which is similar to the radiation decay phenomenon.
We find the behavior of eqn (14) is very similar to the experiments of persistent luminescence. 20, 21, 37, 83 Eqn (9) and (10) show the cases of single luminescence peaks within different charge states due to the subtle interplay of multi-defect reactions. For a single persistent luminescence peak with ÀU eff for O-defects, eqn (11) seems to be valid in many cases. Considering eqn (5a), the intensity of three independent chain reactions is shown as follows:
I PL (t) = (2Z 1 ) (b) Serial-type energy conversions. Considering Fig. 15(c) , it seems the energy conversion of eqn (8) is originally sourced from eqn (5) and (6) with further efficiencies of Z 2 and Z 3 . We accordingly further modify the chain reactions with consideration of the ECCR model, as shown in Fig. 16(b) . Therefore, eqn (9) is re-directed to become a new equation if the chain reactions from eqn (5)- (8) From eqn (15) and (17), the so-called half-life of persistent luminescence is a parameter that reflects the intrinsic properties of the as-synthesized phosphor materials. With consideration of both cases above (independent and serial type), enlarging the Z is actually the core factor that prolongs the duration time of the persistent luminescence. However, it is wise to increase the defect concentration and reduce the defect reaction activation barrier. Usually, this involves increasing the defect concentration of materials in a packed structure.
84-87

Role of defect determination and comparison
We also considered a lattice with various defects with low formation energies and compared this with experimental synthesized samples using X-ray diffraction patterns. Although the comparison is qualitative, the physical and chemical trends for the influence of defects will be consistent with experimental synthesized results and potentially be a reference for future modulations of properties. Fig. 17(a) shows the theoretical X-ray diffraction (XRD) pattern of the ideal CaZnOS lattice. It shows an evident match with the experimental measured XRD from Pan et al. 6 and Lian et al.
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To consider this further, we included the low formation energy defects such as V O , V Zn , O i , V ZnO , V CaZnOS , and a-Fr O in CaZnOS for the XRD simulation. As shown in Fig. 17(b) , the XRD peaks at about 271 show a trend of broadening similar to the work of Lian et al. 48 As we know, the experiments by Lian et al. were performed in an atmosphere of N 2 flow for both single phase CaZnOS and doped CaZnOS. 48 They further showed that the twin peaks at 271 merge to a single peak under H 2 /N 2 flow, denoting that H will passivate the defect sites, in accordance with our defect analysis.
The twin peaks at 321 become wider in defective CaZnOS in our simulated XRD, in a similar trend to that of Pan et al. 6 The powder samples synthesized by Pan et al. experienced sintering under Ar atmosphere and were ground again after cooling of the sintered powder. These different treatments of the CaZnOS samples may be the cause of the slight differences in the XRD spectra of Pan et al. 6 and Lian et al.
To approach a more realistic situation, we increased the amount of V CaZnOS (Schottky type defect) in the same size CaZnOS supercell. Fig. 17(c) shows that the newly induced satellite peaks at 271 and 321 are more obvious and are in good agreement with the sample synthesized by Pan et al. 6 Thus, experimentally grinding the sintered sample after cooling it will vastly increase the amount of V CaZnOS or form other, similar vacancy defects.
Conclusion
We have studied the native point defect levels of CaZnOS to interpret its intrinsic persistent luminescence mechanism. We found that low energy vacancy-type defects, such as Zn and O vacancies, and Schottky defects mutually interplay through a series of defect chemical reactions to transport charges and convert the energies within different lattice sites and charge states. Under the S-rich limit, interstitial O has a very low formation energy and readily captures paired electrons to release holes. The CaZnOS stoichiometric vacancy (Schottky type) is the second lowest energy defect, with 1.07 eV per defect site, and the ZnO vacancy is the third lowest. Under the Zn-rich chemical potential limit, the O vacancy is the lowest energy defect with 0.23 eV, and the ZnO vacancy is the second lowest with an energy of 0.42 eV, similar in magnitude to the O vacancy. The Zn vacancy is an active hole center with a +U eff because it releases about 0.55 eV to free a hole by capturing a localized electron near the anion (S, O) sites. In defect reaction-related energy conversion, the ZnO and CaZnOS vacancies are the native activator sites to accommodate the recombination of the excited electrons and holes and release the energy by photon emission.
